Nestlings beg to parents to communicate their need. Nevertheless, the specific signal driving parental care remains only partially understood. No study to date has been able to link a specific change in the physiological state of the young with, on the one hand, the modulation of a precise component of its begging behavior and, on the other hand, a direct modification of parental behavior reflecting an adjustment to an appropriate level of care. Here we orally administrated either exogenous corticosterone or a peanut oil control to free-living zebra finch nestlings and recorded begging behavior directly after treatment. Using a continuous automated monitoring system to record parental behavior in the wild, we simultaneously monitored the rate and duration of parental nest visits and foraging behavior at artificial feeders during 6 days posttreatment. We show that corticosterone modified the begging calls' spectrum. Parents of corticosterone-treated broods spent more time in the nest and in feeders, and their older nestlings gained more body mass. Begging calls thus show a corticosterone-driven flexibility, which may inform parents of nestlings' physiological state and allow them to provide an appropriate level of care.
INTRODUCTION
In mammals as well as in birds, dependent young require intense care from adults (Godfray 1991) . Adults not only bring food but may also provide water and brooding when young are unable to thermoregulate independently during the first days of life (King and Farner 1961; Radford et al. 2001) . While many studies have tried to define the specific signal(s) given by young to drive parents to an appropriate level of care, much remains to be understood in the offspring-parents communication system. Begging behavior is an exuberant and multimodal performance (Wright and Leonard 2002; Grodzinski and Lotem 2007; Kilner and Drummond 2007) expressed mainly during providers' visits. Among the potential signals sent during begging behavior, acoustic cues are already known to contribute to the expression of the nestlings' needs (Iacovides and Evans 1998; Kilner et al. 1999; Marques et al. 2009 ). The intensity of begging (call rate, call duration) can signal the nestlings' body condition, need for warmth, or level of hunger (Roper 1993; Mondloch 1995; Cotton et al. 1996; Kilner and Johnstone 1997; Royle et al. 2002; Anderson et al. 2010 ) and can modify parents' feeding behavior (Kitaysky et al. 2001a) . While some studies showed that an increase in begging intensity may affect the parental allocation of food to nestlings (Cotton et al. 1996; Granadeiro et al. 2000; Leonard and Horn 2001; Gilby et al. 2011a ), other studies found no such effect (Ricklefs 1992; Clark and Lee 1998) . A first possible explanation of these discrepancies is that most studies evaluated only the parental feeding response to begging behavior in the nest and did not assess the parental foraging response, failing to account for the constraints of resource availability and parental foraging ability. Moreover, an increase in intensity of begging behavior might not be the only parameter that drives parental care responses. A variety of parameters of the begging calls' acoustic structure are already known to be modulated by the nestlings' level of hunger, body temperature, or body condition (e.g., frequency modulations [Leonard and Horn 2001; Gladbach et al. 2009; Marques et al. 2009; Anderson et al. 2010; Reers and Jacot 2011] ). To date however, no study has explored the possibility that modifications of the fine acoustic structure of the begging calls could be the key signal used by parents to give appropriate care to their young. Here we studied the impact of a modification of the fine acoustic structure of begging calls on different levels of the parental response (visits to the nest and foraging).
Food deprivation and need of warmth are usually correlated with a modification of nestling's plasma level of corticosterone, the mains stress hormone in birds (Kitaysky et al. 2001b; Loiseau et al. 2008a; Fairhurst et al. 2012) . Modifications of corticosterone concentration have already been shown to have several impacts on begging behavior (Smiseth et al. 2011) , such as increasing the begging rate (Loiseau et al. 2008a) , or decreasing the latency to beg (Wada and Breuner 2008) . These results suggest that corticosterone could be an important physiological component adjusting begging behavior to nestlings' needs. Moreover, recent studies in the zebra finch (Taeniopygia guttata) have also shown that an elevation of plasma levels of corticosterone triggers modifications of the fine acoustic structure of calls in adult males, resulting in higher-pitched calls (Perez et al. 2012) . These acoustic modifications are perceived by conspecifics: stress-induced calls can in turn modify the physiological stress and the behavior of the caller's female partner (Perez et al. 2015) . Considering these previous results, we thus hypothesized that corticosterone could trigger similar modifications of the acoustic structure of begging calls, allowing young to signal their needs to parents through these specific acoustic changes. In the present article, we test the effect of an oral administration of exogenous corticosterone on the begging behavior of wild zebra finches and on parental behavior. According to the motivation-structural rules (Morton 1977) and from previous work on adult zebra finches (Perez et al. 2012 (Perez et al. , 2015 , we predict that begging calls produced by experimentally stressed nestlings will show a spectrum in higher frequency bands.
The zebra finch has been used for decades as a model for the study of sexual selection and reproductive investment (Griffith and Buchanan 2010) . Parent-offspring communication at the nest and parental care have also been described in wild birds (Zann 1996; Gilby et al. 2011a Gilby et al. , 2011b Gilby et al. , 2012 . Wild zebra finches live in the Australian arid zone, where food availability varies drastically in space and time (Zann 1996; Griffith et al. 2008) . The visit rate and time spent in the nest by parents correlate with the amount of food delivered to the brood (Gilby et al. 2011b; Mariette et al. 2011) , and decrease as the nestlings age (Mariette and Griffith 2012) . The use of an automated monitoring system to record parental behavior has also revealed that parental foraging behavior correlates with the amount of food regurgitated to the nestlings (Mariette et al. 2011; Mariette and Griffith 2013) . This background of work provides a good context in which to study fine modifications in begging behavior and the potential responses of parents. We hypothesized that an elevation of corticosterone levels in nestlings would 1) change the begging behavior and the fine acoustic structure of the begging calls of supplemented offspring and 2) lead to parental care adjustments. We predicted that parents would adjust by modifying not only the time allocated to visit their nestlings, but also the level of their foraging activity.
METHODS

Study site and subjects
Data were collected over 3 months from September to November 2009, in a nest-box breeding colony of wild zebra finches at Fowlers Gap Arid Zone research station, Western New South Wales, Australia (31°05′S, 142°42′E) (further details of study site are in Griffith et al. 2008) . Experiments were approved by the Animal Ethics Committee of Macquarie University, New South Wales (Animal Research Approvals N° 2009/032 and 2007/038) . Throughout the entire breeding season, birds were provided with commercial finch seed (e.g., canary seed and white millet) in temporary feeders, placed throughout the study site of a 1 km radius around a dam (see Mariette et al. 2011 for maps and details). Nest boxes were checked daily once parents initiated laying. After hatching, nestlings were individually marked by using specific combination of feathercuts on their head, so that we could identify individuals throughout the nestling period. Thirty-two active nests were used for this experiment, with a total of 96 nestlings, in brood sizes varying from 1 to 5 nestlings (3.00 ± 1.27).
Corticosterone administration and recording of nestling begging calls
An overview of the experiment and the timeline of the experimental procedure is presented in Figure 1 , and additional experimental details are presented in Supplementary Materials SM1 and SM2. Nests were randomly allocated to either a control (OIL), or treatment (CORT) group, and on the day that the nestlings were between 7 and 9 days old the whole brood received the procedure described below. The whole brood was treated similarly so that the effects of the treatment on the parents could be examined (i.e., comparison across nests, not within them). Nestlings in the CORT treatment (n = 50 nestlings in 17 nests) were given an oral administration of exogenous corticosterone dissolved in peanut oil (10 µL = 2.5 µg of corticosterone dissolved in peanut oil at C = 0.25 mg/mL, as in Spencer and Verhulst 2007) . Nestlings from the control group received an oral administration of peanut oil only (Control group = OIL, n = 46 nestlings in 15 nests). To record the nestlings and administer the dose according to the treatment, the nest-box with the intact nest and nestlings inside was taken 50 m away from the site of the nest and replaced with an empty nestbox with a closed entrance. Before administration, the motivation of each nestling to produce begging calls was evaluated by tapping on its beak with a red pencil. Begging calls were recorded using a tie microphone (AKG C 417 Clip-on Microphones) located 10 cm above the subject and connected to a recorder (Marantz PMD 670, sampling rate: 44.1 kHz, PCM 16 bit). Nestlings were stimulated and recorded one after the other to avoid overlapping calls and misidentification of the caller. If the nestling did not produce begging calls in response to tapping, the brood was kept to increase fasting duration and thus motivation (from 4 to 60 min with mean 13.72 min ± 12.20 min). Typically adults visit the nest less than once an hour (Mariette and Griffith 2012) , and so the duration of the removal and fasting of the nestlings was not unduly disruptive to either adults or nestlings. Only 9 nestlings did not vocalize at all at this stage. After this first recording, oral administration of corticosterone or oil was performed. The red pencil was again used to tap the beak, and a pipette tip equipped with a 10 µL tip was quickly introduced in the open bill and the full dose (10 µL in volume) was ejected into the back of the nestlings mouth. Nestlings were then maintained in their nest-box for exactly 10 min after oral administration (see Spencer and Verhulst 2007) , and then begging calls were recorded again with the same protocol as above. A preliminary study allowed us to verify that our oral treatment had a significant effect on nestlings' plasma levels of corticosterone after 10 min only (Supplementary Materials SM1 and SM2). All recordings (before and after treatment) were obtained individually within less than 2 min of this stimulation (from 6 to 108 s with mean 30.04 s ± 14.9 s), except for 10 nestlings that did not vocalize. Corticosterone is very unlikely to fluctuate significantly on such a short time scale of 2 min and thus is very unlikely to explain potential changes in acoustic structure from the first to the last call recorded. After recording, morphological measurements were taken on nestlings (body mass and tarsus length, see details below) and they were placed back into their nest. The nest-box was then moved back to its original position. There were no significant differences across the experimental groups in fasting duration (Wilcoxon rank sum test, W = 921, P = 0.22), duration of acoustic recordings (Wilcoxon rank sum test, W = 655, P = 0.18) or the lapse of time between oral administration and beginning of posttreatment acoustic recordings (Wilcoxon rank sum test, W = 710.5, P = 0.4147).
To determine the effect of nestling stress on parental behavior, a second administration of either corticosterone dissolved in oil (CORT group) or oil only (OIL group) was performed 3 days later when nestlings were between 10 and 12 days post hatching using the same protocol as for the first administration, but no begging call recording was undertaken at this stage because of time constraints.
Analysis of begging calls
A total of 13 682 begging calls were extracted from the original recordings of 29 nests on 89 nestlings using a custom-written program (PYTHON programming language, open-source libraries). Begging calls are produced in bouts, which consist of a rapid succession of short syllables. We analyzed the information that could be extracted from single calls and did not analyze the structure of the whole bout, but we controlled in statistical analyses for the potential effect of being produced early versus late in the bout on call structure (see below). Calls were analyzed using the Seewave package (Sueur et al. 2006) implemented in R software (R Core Team 2012, version 3.1.3.) . Each call was first bandpass filtered (0.1-10 kHz) according to the zebra finch audiogram (Hashino and Okanoya 1989) . Fifteen acoustic parameters were measured for each call:
• the duration (in seconds) using "timer" function, which computes the energy from the signal envelope and uses the peak maximum as an energy reference to define the start and the end of the call (threshold: 2%).
• the call dominant frequency (in Hertz) is the average over the duration of the call of the frequencies of highest amplitude (obtained via the "dfreq" function). The frequency of highest amplitude is first assessed on time bins using a window length of 11.6 ms (512 samples) and the series of values obtained over the duration of the call is then averaged.
• the call fundamental frequency (in Hertz) is the average over the duration of the call of the fundamental frequency values (these are tracks of the fundamental frequency through a short-term cepstral transform obtained via the "fund" function).
• the standard deviations of the call dominant frequency and the fundamental frequency, as cues of frequency modulation within the call. • 10 parameters of the call spectrum (using "specprop" function and a window length of 11.6 ms): the mean, the standard deviation of the mean, the median, the first (25%) and third (75%) quartiles, the interquartile range, the skewness, the kurtosis, the spectral flatness, and the spectral entropy.
Parental behavior monitoring using passive integrated transponder-tag detection system
A passive integrated transponder (PIT) tag detection system was used to quantify parental visits at the nest and feeders distributed throughout the area as described in a previous study (Mariette et al. 2011) . Adults were caught in the morning at the nest when nestlings were between 4 and 6 days old and fitted with a color band to which an individually numbered PIT-tag (ID100, dimensions 11 × 2 mm, Trovan, UK) had been previously attached with epoxy resin. Their nest-box was then equipped with a PIT-tag detection system (LID-665 decoder, Trovan, UK) that automatically recorded the date and time of any visit made by any tagged bird (visit detection probability 99%; Mariette et al. 2011) . Feeders placed in the area were also fitted with the same PIT-tag detection systems (Mariette et al. 2011) . All parental visits to nests and feeders were monitored during the experiment from the day before the first dose until 3 days after the second dose (8 days in total). The data from the decoders was processed and integrated to calculate the number of visits per day (feeders and Overview and timeline of experimental procedure. First day of experiment was used as a control for basal parental behavior, as the nests were left undisturbed. Oral administration of either exogenous corticosterone dissolved in peanut (CORT) or oil only (OIL) was done when nestlings were, respectively, between 7 and 9 days old, and between 10 and 12 days old (« day 2 » and « day 5 » on the graph). Morphological measurements were taken on the day oral administration to nestlings, then 2 and 4 days after the treatment. Parental visits were monitored at their nest and at the feeders placed in the area during the whole experiment. nests), the duration of the visits in seconds and the duration between visits in minutes (only for nest visits). The feeding visits to the nest on the day before the first dose were used as a basal level and data from days after treatment were normalized by dividing by the mean of the values of the parameter obtained on baseline day for the same individual. This enabled us to assess the progression of parental visits over time. Feeding data for a total of 6 nests were not available (due to a malfunction of the decoder, or because the parents were not tagged), thus data are presented for a total of 26 nests (n = 12 nests for the CORT group, n = 14 nests for the OIL group): 8 nests with both parents equipped with PIT-tags (n = 6 in CORT group, n = 2 in OIL group) and 18 nests with only 1 parent equipped with a PIT-tag (n = 6 with only female with n = 3 in CORT group, n = 3 in OIL group; n = 12 with only male with n = 3 in CORT group and n = 9 in OIL group). Parental responses were monitored individually for each parent and its sex was added as a fixed factor in the statistical analysis (see below). In those cases in which only 1 parent was tagged, it is likely that the other parent was also visiting the nest at the same time because we have previously shown high coordinated nest visits by both members of a pair (Mariette and Griffith 2012) .
Nestling growth measurements
We measured nestling tarsus length with a digital calliper (±0.1 mm) and mass with an electronic balance (±0.01 g) at 3 points during the experiment: the day that the first dose was given, then 2 and 4 days after the first dose. Nestling body condition was assessed using the residuals of the linear regression between the tarsus length and body mass (following Schulte-Hostedde et al. 2005) , using the final set of morphological measures taken (4 days after the first dose, when the nestlings were about between 11 and 13 days old), for 30 nests (data were missing due to technical problems for 2 nests at this time point). The direct gains in mass and in tarsus length were also assessed for each nestling of 25 nests (n = 36 nestlings in 12 nests for the CORT group, n = 40 nestlings in 13 nests for the OIL group, complete data were missing for 7 nests because of technical issues or inclement weather on the day of measurement) by subtracting for each parameter the value just before the first dose was administered, from the value after the second oral administration. This covers the period during which the growth rate is still linear (Skagen 1988; Martins 2004) . Body mass gain was log transformed to meet with residuals' normality and homoscedasticity criteria.
Statistical analysis
All statistics were performed using R software (R Core Team 2012, version 3.1.3.).
For each acoustic parameter of the begging calls, distribution was evaluated using histogram shape: only parameters with symmetrical distribution and linear relations were kept, a prerequisite for later Principal Component Analyses (PCA). Nine parameters were kept for the next step: the mean, the standard deviation of the mean, the median, the first quartile and the interquartile range, the duration, the dominant frequency, the fundamental frequency, and the standard deviation of the fundamental frequency.
A total of 11 389 calls (83% of the initial data set, n = 5890 calls for the CORT group, n = 5499 calls for the OIL group) were then selected for statistical analysis by removing outliers: outliers were defined using a (PCA) of 4 axes computed on the z-scores of the 9 previously selected parameters, using "dudi.pca" function from "ade4" package. Calls were defined as outliers if they were outside the range [mean − 2SD, mean + 2SD] on first and second axes of this PCA. A new PCA was then performed after removing outliers. The 2 first axes accounted respectively for 43% and 21% of the variance and showing an eigenvalue above 1. To account for the time spent collecting begging calls (from 6 to 108 s with mean 30.04 s ± 14.9 s), we separated the calls in 2 subsets of data using the median of the index of the calls within the recorded sequences, with "early calls" as the subset of begging calls from the first half of the recordings, and "late calls" for calls from the last part of the recordings (median= 41, n = 5643 calls from 79 nestlings for early calls data subset, n = 5746 calls from 67 nestlings for late calls data subset). Each subset was then analyzed separately.
Linear mixed models using "lmer" function from "lme4" package were used. Correlated explanatory terms were not included in the same model. Acoustic parameters of begging calls were analyzed with the treatment (CORT vs. OIL) and the dosing (before vs. after dose) as fixed factor, the identity of the nest, the identity and the hatching rank of the nestling, and the brood size as random factors. Parents' behavior monitored with PIT-tag were analyzed with the treatment, the sex of the parent, and the day of experiment as fixed factors, and the identity of the nest, the identity of the parent, and the brood size as random factors. Nestling mass gain, tarsus gain, and residuals of the linear regression between the tarsus length and body mass were analyzed with the treatment and the hatching rank of the nestling considered as fixed factors, the identity of the nest and the brood size as random factors. All models were checked for normality and homogeneity by visual inspections of plots of residuals ("plotresid" function, "RVAideMemoire" library). P-values were obtained on models using Wald Chi-square tests ("Anova" function, "car" library).
Post hoc tests for linear mixed models on the mass gain and acoustic parameters on begging calls were performed using pairwise comparisons of means, using the "lsmeans" function from the "lsmeans" package. Post hoc tests for linear mixed models on PIT-tag data were performed using pairwise tests with Bonferroni correction.
RESULTS
Begging calls' spectrum is modified in CORT nestlings compared to control nestlings
The first axis of the PCA on acoustic parameters (Figure 2 ) accounted for 43% of the variance in calls. The main loading factors were the mean frequency (0.96), the first quartile of the spectrum (0.94), the median (0.93), and the dominant frequency (0.90), so positive values of the first axis corresponded to calls with high-frequency spectral content (Figure 2 , Table 1 ). In calls produced both in the first half (early calls) and the second half (late calls) of the begging bout, the first axis was affected by the interaction between the treatment and the dosing (early calls: χ 2 = 59.03, P < 0.001; late calls: χ 2 = 96.44, P < 0.001). Oral administration of CORT evoked higher-frequency begging calls, while the oral administration of OIL evoked lower-frequency begging calls than those recorded before dosing (Figure 2a ,b, Supplementary Material SM3). Thus begging calls' spectra were upshifted in CORT nestlings and down-shifted in control nestlings.
The second axis of the PCA accounted for 21% of the variance. The main loading factors were the interquartile range (−0.95) and the standard deviation of the fundamental frequency (−0.89), so negative values of the second principal component indicate calls with a more broadband spectral content (Table 1) . In both early and late calls, this second component was affected by the interaction between the treatment and the dosing (early calls: χ 2 = 9.45, P = 0.002; late calls: χ 2 = 18.54, P < 0.001). Post hoc tests show that the treatment evoked late begging calls with a more broadband spectral content in both treatment groups, whereas early begging calls had a more broadband spectral content after OIL treatment only (Figure 2c,d, Supplementary Material SM3) .
Parents of CORT nestlings spent more time in the nest and in feeders than parents of control nestlings for several days after treatment Parents of CORT-treated nestlings spent more time in the nest and in feeders than parents of control nestlings: the duration of the visit at the nest was affected by the day of experiment (χ 2 = 27.93, P < 0.001), and the interaction between the day and the treatment (χ 2 = 16.33, P < 0.05). Thus, while parents of the control nestlings decreased progressively the duration of nest visits only 2 days after first administration to nestlings, parents of the CORT nestlings decreased the duration of nest visits 5 days after first administration (Figure 3a) . Moreover, the duration of the interval between visits at the nest was affected by the treatment (χ 2 = 8.36, P < 0.01), the day of experiment (χ 2 = 27.93, P < 0.001), and the interaction between the day and the treatment (χ 2 = 24.07, P < 0.01). While the parents of the control nestlings progressively increased the duration of the interval between visits until 4 days after administration (Figure 3b , Supplementary Material SM3), parents of the CORT nestlings did not modify this interval. The duration of the visit at the feeders was also affected by the day of experiment (χ 2 = 19.32, P < 0.01), and the interaction between the day and the treatment (χ 2 = 16.51, P = 0.02). Parents of the CORT nestlings thus foraged for significantly longer in the feeders 1 to 3 days after administration to nestlings than parents of the control group (Figure 4, Supplementary Material SM3) . The number of visits at the nest and the number of visits at the feeder were affected neither by the day of experiment nor by the treatment 
Figure 2 Effect of oral administration of exogenous corticosterone on acoustic features of begging calls. Composite score of acoustic structure of the calls, before and after administration of either corticosterone dissolved in peanut oil (CORT) or peanut oil only (OIL), while nestlings were between 7 and 9 days old. The violin plot outlines illustrate kernel probability density, that is the width of the shaded area represents the proportion of the data located there. Horizontal black lines indicate the model estimates. Significant differences are indicated as: *P < 0.05 and ***P < 0.001. or by the interaction between these 2 factors. Finally, the sex of the parents had no effect on parental feeding and foraging behaviors.
Older CORT nestlings gained more body mass than control nestlings
Nestling body condition at 4 days after the first administration did not differ between the 2 groups or between ranks, but body mass gain was affected by the interaction between the treatment and the hatching rank (χ 2 = 13.08, P = 0.011, Figure 5 , Supplementary Material SM3). When exploring the effect of the treatment by using a linear mixed model for each hatching rank separately, first hatched nestlings were the only ones to show a significant difference between CORT and control nestlings (χ 2 = 5.579, P = 0.018 for first hatched, P > 0.05 for all other comparisons in lower hatching ranks). On the other hand, CORT nestlings did not increase tarsus length more than control nestlings.
DISCUSSION
Our results show that an oral administration of corticosterone changed the acoustic structure of begging calls by nestlings. To our knowledge this is the first study to show a modification of the fine acoustic structure of begging calls with elevation of plasma levels of corticosterone in birds. We also showed modifications in patterns of parental visits at the nest as well as parental foraging activity lasting for several days. Parents of corticosterone-treated nestlings increased both the time spent at the nest and at the feeders. The treatment also led to improved growth, with older CORT-treated nestlings being heavier than older control nestlings 4 days after the first corticosterone administration. Corticosterone is already known to have effects on begging behavior (Kitaysky et al. 2001a ) but our study is the first demonstration of its direct effect on the acoustic parameters of begging calls. In a previous study (Perez et al. 2012) , we demonstrated that corticosterone impacts the acoustic structure of the distance calls of adult male zebra finches. Stressful situations can modify vocalizations in numerous species. For example in rodents, ultrasonic vocalizations produced during social encounters show a higher peak frequency when individuals were isolated prior to encounter (Chabout et al. 2012) . Stressful situations in humans modify the mean fundamental frequency and the pitch of the speech (Banse and Scherer 1996) . In birds, alarm calls produced on the sight of a predator show a high-pitched structure that is convergent between species (Marler 1955; Smith 1965) , with peak frequency, frequency modulations and frequency bandwidth being strong predictors of the flight response (Wood et al. 2000; Fallow et al. 2013) . Our results on a bird species together with these previous findings in birds and mammals confirm that stress is often encoded in vocalizations with up-shifted frequency spectrum, in accordance with the motivation-structural rules (Morton 1977) .
Our results also show a complex pattern of modifications of the acoustic structure of vocalizations. Calls produced both at the beginning and at the end of the calling sequence showed up-shifted frequency spectrum after the administration of corticosterone, while vocalizations had a lower pitch in the control group. Moreover, early calls had a more broadband spectral content only after the OIL treatment, while late calls from both groups had a more broadband spectral content. Thus, the effect of the treatment on the acoustic structure of the call depends on the relative position of the call within the calling sequence. A modification of the acoustic feature of begging calls within the calling sequence has already been described previously (Villain et al. 2015) , and could be related to a change in motivation or an induced frustration. Catecholamines are potentially a good hormonal candidate here in explaining the underlying mechanistic pathway, considering their kinetics (released within few seconds and action lasting less than 2 min) and their role in stress response, motivation, and reward (Palme et al. 2005; Wellman 2005 ). The combined effect of corticosterone and catecholamines in the CORT group could thus explain the complex results we obtained. This hypothesis remains to be investigated.
The administration of oil to control nestlings resulted in lowerpitched vocalizations, the opposite of what is seen for the experimental nestlings that received corticosterone dissolved in oil. In the 2 groups, nestlings were supplemented with oil which to a degree represents some nutrition to the nestlings. Food supplementation itself could explain the general effect on the broadband spectral content. The down-shifted vocalizations produced by control nestlings might be an effect of having been fed just before recording, while corticosterone might have overridden this effect in the experimental nestlings, leading to higher-pitched calls. If begging behavior is an honest signal, it should reflect the young's specific needs (Cotton et al. 1996; Royle et al. 2002) . The following regulation system may thus be proposed: plasma levels of corticosterone rise during fasting, resulting in the production of higher-pitched begging calls through a direct effect of the hormone, while receiving food might have an opposite effect with nestlings producing lowerpitched begging calls. Thus, parents could rely on the relative pitch of the begging calls to get information on their nestlings' level of hunger. Leptin is secreted in blood circulation within 10 to 15 min after food intake, down-regulates appetite and increases energy expenditure (Houseknecht and Portocarrero 1998; Ingvartsen and Boisclair 2001) . While mainly described in mammals, the gene encoding the hormone exists in birds, and injection of exogenous leptin decreases food intake both in great tits and chickens (Löhmus et al. 2003) . Leptin modifies a wide range of physiological and behavioral parameters in many species (Houseknecht and Portocarrero 1998) , and might thus have a role in the production of lower-pitched calls in nestlings that received oil only. The hypothesized actions of leptin on the production of lower-pitched begging calls as well as the potential interaction with corticosterone remain to be explored. It is also important to stress that the duration and the general structure of the calling sequence recorded in this present study were mainly due to the direct tactile stimulation of begging by the experimenter. Further investigations would thus be necessary so as to verify if the begging patterns are similar when CORT and OIL nestlings beg naturally to parents in the nest.
Our results raise the question of the specific activational effect of corticosterone, that may temporarily lead to the production of modulated vocalizations. The tracheobronchial syrinx of songbirds has several pairs of intrinsic muscles specialized for controlling particular aspects of sound production such as temporal and spectral properties of vocalizations (Suthers 2001) . A recent study in house sparrow (Passer domesticus) has shown that corticosterone receptors are present in muscle tissues in birds (Lattin et al. 2012) , thus corticosterone could have a direct effect on muscles controlling the syrinx. The source-filter theory models a combination of a sound source (vocal cords in mammals) and a linear acoustic filter, the vocal tract (Fant 1960; Titze 1994; Mindlin and Laje 2005) . Applied to birds, the source filter theory implies a modification of the fundamental frequency through a modification of the parameters of the syrinx, which is however not the strongest effect of exogenous corticosterone in either the present study or a previous one (Perez et al. 2012) . Begging behavior of passerine nestlings is a typical set of movements of the neck, the head, the mouth, and the tongue (Wright and Leonard 2002) . Thus, the changes in body and head postures added to the action of corticosterone on vocal tract muscles could modify the filter, that is the length, the shape, and the narrowness of the vocal tract, known to modify several acoustic parameters leading to a shift in energy distribution in the frequency 
* * * *** ** *** ** * *** Figure 3 Parental visits at the nest during the whole experiment. All data were normalized by dividing by baseline, that is the day before oral administration to nestlings. n = 11 nests for the CORT group, n = 12 nests for the OIL group. Black arrows indicate the day of experiment for which nestlings received either oral administration of corticosterone dissolved in peanut oil (CORT) or peanut oil only (OIL). Different letters indicate a significant difference within groups at the P <0.05 level, points that share the same letter are not significantly different. Nonexhaustive statistical differences between groups are indicated by dotted lines and asterix (*P < 0.05, **P < 0.01, and ***P < 0.001). (a) Duration of visits at the nest. While parents of the OIL group decreased progressively the duration of the visits only 2 days after the treatment to nestlings, parents of the CORT group decreased the duration of the visits 5 days after treatment.
(b) Duration of interval between 2 visits at the nest. While parents of the OIL group increased progressively the duration between visits starting 1 day after the treatment, parents of the CORT group did not modify this interval.
spectrum (Briefer 2012 ). This hypothesis is also supported by a recent study in zebra finches showing that modification of the vocal tract by opening the beak emphasizes high frequencies above 5 kHz and over on song syllables (Ohms et al. 2012) . In response to the manipulation of their nestlings' plasma level of corticosterone, parents of CORT nestlings increased the duration of nests visits and shortened the intervals between visits, increasing the overall time spent in the nest. In parallel, parents also changed their foraging behavior by increasing the duration of the visits to the feeders. So, a change in the offspring physiological state resulted in a change in parents' foraging activity as well as in nest visit pattern lasting several days. We did not directly measure the extent to which our treatment could elevate plasma levels of corticosterone in nestlings. Our preliminary experiment (Supplementary Materials SM1 and SM2) and previous studies in adult and nestling zebra finches show that similar treatments did indeed have a significant effect on the plasma levels of corticosterone, with the effect lasting just a few hours Verhulst 2007, 2008; Spencer et al. 2009; Perez et al. 2012) . Thus, the parental behavioral response we demonstrated is strong and long-lasting compared to the potentially short-term effect of the treatment on the nestlings' physiology. This suggests that modifications of the acoustic structure of begging calls represent a very strong and important signal for parents. In our study, we did not attempt to mimic a specific type of physiological stress, but rather to induce an elevation of plasma levels of corticosterone within the range of natural variation in this species. It is possible that we mimicked an unnaturally long starvation for the nestlings, triggering a parental response for several days even though the original modification of the acoustic signal disappeared from the begging calls after few hours. Another explanation for the long-lasting parental adjustment would be that corticosterone had an organizational effect: the treatment permanently modified the acoustic structure of the calls and thus led to a long-lasting response of the parents. Unfortunately as we did not record begging calls after the second treatment, or in the days following the Figure 5 Effect of the treatment on nestlings body mass gain. Body mass gain was calculated by subtracting the nestlings' mass just before the first dose was administered, from the value after the second oral administration. Bars are mean ± SE. n = 36 nestlings in 12 nests for the CORT group, n = 40 nestlings in 13 nests for the OIL group. Significant differences are indicated as: *P < 0.05. First hatched CORT nestlings (« rank 1 ») gain significantly more body mass between first hatched control nestlings (OIL vs. CORT, Post hoc test: P = 0.04). There was no such difference for lower hatching rank (« rank 2 » to « rank 5 »). a' a' a'
Figure 4
Duration of the visits at the feeder during the whole experiment. All data were normalized by dividing by baseline, that is the day before oral administration to nestlings. n = 11 nests for the CORT group, n = 12 nests for the OIL group. Black arrows indicate the day of experiment for which nestlings received either oral administration of corticosterone dissolved in peanut oil (CORT) or peanut oil only (OIL). Different letters indicate a significant difference within groups at the P < 0.05 level, points that share the same letter are not significantly different. Nonexhaustive statistical differences between groups are indicated by dotted lines and asterix (*P < 0.05). Parents of the CORT group foraged significantly longer in the feeders between « day 3 » and « day 5 » than parents of the OIL group.
first treatment, we do not know if there was a permanent effect of the treatment on begging calls acoustic structure. Several studies acknowledged the deleterious short-and longterm effects of an elevation of plasma levels of corticosterone at similar ages on growth, survival, cognitive abilities, and personality (Wada and Breuner 2008; Schoech et al. 2011; Crino et al. 2013 ). The strong parental response could thus also be a long-lasting effect of corticosterone not on calls' structure but on the general condition of the nestlings. Finally, a recent study has shown that zebra finch adults can be stressed by hearing the stress-induced calls of their partner, a phenomenon called physiological resonance (Perez et al. 2015) , and it is thus possible that an acute stress to the chicks can also induce a stress to the parents, leading to a long-lasting modification of their behavior. A similar empathic-like response has already been described in the domestic fowl, from mother hens toward chicks in danger (Edgar et al. 2011 (Edgar et al. , 2013 . This last hypothesis is an interesting path to investigate in the zebra finch.
In a previous study on wild free-living zebra finches, Mariette et al. showed that the nest visit rate and the time spent in the nest per hour by parents were good predictors of the amount of food regurgitated to the brood (Mariette et al. 2011) . So the increase in nest visit rate and duration in our results could reveal an increase in the amount of food provided to the nestlings. But in another study, nest visit rate and duration were relatively poor indications of the amount of food regurgitated to nestlings (Gilby et al. 2011b) . In this case, the change in pattern of nest visits observed, and the difference in nestling mass across treatments suggest that parents were responding and providing tangible benefits to the young. The possibilities could include the delivery of more food, water or body heat, or even, if parents detected the stress in their nestlings vocalizations, they may have preened or interacted physically with the nestlings to calm them. As we did not monitor the parental behavior of parents within the nests in this study, we are unable to distinguish between parental investment in different activities.
Our study also shows that parents not only modify the temporal pattern of their nest visits in response to offspring state, but also their foraging activity at the feeders. We cannot rule out the possibility that parents also foraged in natural patches to bring natural seeds to the brood. In a previous study on the same population, only 68% of the seeds observed in the nestlings' crop visible through the skin were commercial seeds in nests around feeders (Mariette and Griffith 2012) . Parents might vary the amount of commercial seeds they take from the feeders (and thus the ratio commercial seed/ natural seed) to provision their nestlings, thus adjusting not only the amount of food but also food quality. However, the proportion of natural versus commercial seeds did not vary with parental effort in previous studies and was not consistent across days within nests (Mariette et al. 2011; Mariette and Griffith 2013) .
We were unable to determine whether there was a direct effect of begging calls' modifications on parental behavior, as the corticosterone treatment may have modified other components of nestlings' behavior or aspect (muscles tonus, body movements, colour of body parts; Gray et al. 1990; Breuner et al. 1998; Kitaysky et al. 2001a; Vallarino et al. 2006; Loiseau et al. 2008b; Roulin et al. 2008) . Nevertheless, we believe that parents could perceive the corticosterone-induced structural changes in begging calls measured in this study, given previous demonstrations of their ability to perceive fine changes in the spectral components of sounds (Dooling et al. 1992 (Dooling et al. , 1995 Sturdy et al. 1999; Ohms et al. 2012) .
Regardless of whether parents responded to acoustic changes in begging calls or to other corticosterone-induced changes in nestlings, both allowed them to adjust their level of care and this impacted nestlings' growth. First hatched CORT nestlings gained significantly more body mass than control nestlings, but the analysis of the residuals of the linear regression between tarsus length and body mass did not show any difference in body condition. We also saw no difference in tarsus length between CORT and control nestlings. These results of a brief elevation of plasma levels of corticosterone (acute stress) contrast with the effect on nestlings' condition of a chronic elevation of plasma levels of corticosterone: Crino et al. (2014) showed that repeated administration of exogenous corticosterone in zebra finch nestlings in the laboratory had a temporarily negative effect on nestlings' condition, tarsus length and body mass gain. Considering the effect of corticosterone in mobilizing energy reserves, the failure to see a difference in body condition (or in tarsus length) in our study could also be explained by a direct effect of corticosterone on nestlings' metabolism. The metabolic costs of begging have also been investigated in several studies: an increase in the intensity of begging has been reported to slow down growth (Kilner 2001; Rodriguez-Girones et al. 2001) or to increase energy expenditure (Harper 1986; Verhulst and Wiersma 1997; Weathers et al. 1997) . Thus, in our study, the corticosterone treatment possibly had a direct effect on nestlings' growth, but this direct effect would have hindered nestlings' growth.
As corticosterone-treated nestlings gained more body mass than control nestlings, it seems plausible that the effect resulted from the changes in parental behaviors. The effect on mass gain is only visible on first hatched nestlings, not on nestlings from lower hatching ranks. Parents could thus choose to allocate more care to the first hatched nestling during an event of stress within the brood, as it is the nestling with the best probability of survival (Gilby et al. 2012 ). Finally, we cannot rule out the possibility that nestlings might cheat to get more care from parents. However, begging has been described as a costly behavior and an honest signal, as it is a good indicator of the nestlings' condition and need (Trivers 1974; Redondo and Castro 1992; Godfray 1995; Kilner and Johnstone 1997; Budden and Wright 2001; Royle et al. 2002; Smiseth et al. 2008; Mock et al. 2011) . Cheating is thus considered as a rare event. But if cheating occurred in this present study, it would have happened in both groups (CORT and OIL) . This is thus a behavior that our procedure does not allow us to assess.
We present in this article a comprehensive study of parentoffspring communication in the zebra finch, from physiological cause of begging modifications to changes in parental behaviors over time. We also showed the importance of looking beyond nest visit rates to detect behavioral changes in parental care in birds, as parents of corticosterone-treated nestlings changed not only their behavior at the nest but also their foraging pattern.
Finally, we confirm here the capacity of birds to communicate labile information on their physiological state by modulating the acoustic structure of their vocalizations using similar cues as those demonstrated in mammals, and extended here to nestlings.
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